Seismic imaging of anisotropic media is one of the most challenging problem in exploration geophysics because of the possible coupling between the different anisotropic parameters. In this study, we develop a frequency-domain full-waveform inversion (FWI) method for imaging 2D visco-elastic VTI media from wide-aperture data. The forward problem relies on a finite-element discontinuous Galerkin method on unstructured triangular meshes that allows for accurate seismic modeling in complex media with reflectors of arbitrary shape. The inversion relies on a quasi-Newton algorithm which allows for proper scaling of misfit-function gradients associated with different parameter classes. The model parameters are either the P and S wave speeds on the symmetry axis and the Thomsen's parameters δ and , or the stiffness coefficients c 11 , c 33 , c 13 and c 44 . We first present a review of the diffraction patterns of each anisotropic parameter classes to assess the best parameterization of the inverse problem. Second, we present some preliminaries examples of FWI with simple synthetic model. Results highlight the coupling between the parameters and the difficulty of imaging the δ parameter from surface data.
Introduction
Full Waveform Inversion (FWI) is a re-emerging method which seeks to minimize the misfit between the recorded and the modeled data to develop high-resolution quantitative models of the subsurface for a review). Most of the recent FWI applications have been performed in the framework of the acoustic (isotropic) approximation where only the P-wave velocity is reconstructed. Only few attempts have been made to reconstruct anisotropic parameters by FWI from cross-hole and surface acquisitions (Ji and Singh, 2005; Barnes et al., 2008; Pratt et al., 2008; Min et al., 2009 ). An illustration of the footprint of anisotropy on FWI is illustrated in Fig. 1 where the synthetic Valhall model is reconstructed by acoustic isotropic FWI from anisotropic and isotropic data, respectively.
In this study, we develop a 2D frequency-domain FWI method for imaging visco-elastic transversely isotropic media with vertical symmetry axis (VTI). The forward modeling is based on a low-order finite-element discontinuous Galerkin method on unstructured triangular meshes, that allows for accurate modeling of complex wave phenomena in both onshore and offshore media (Brossier et al., 2008) . The VTI medium is either parameterized by four stiffness coefficients or by the P and S wave speeds on the symmetry axis, V P 0 and V S 0 , and the Thomsen's parameters δ and (Thomsen, 1986) . Density and attenuation factors Q P and Q S are the other parameters which can be taken into account in the modeling and inversion. We first review the basics of frequency-domain FWI and the radiation pattern of each class of anisotropic parameters in the framework of the ray+Born approximation. Second, we present some preliminary FWI results that are interpreted in the light of the radiation-pattern analysis.
Full Waveform inversion for VTI media
FWI is implemented in the frequency domain (Pratt et al., 1998) and consists of successive inversions of frequency groups of increasing high-frequency content (Brossier et al., 2009 ). Frequency-domain seismic modeling is performed with a hp-adaptive finite-element discontinuous Galerkin method on unstructured triangular meshes (Brossier et al., 2008) . The model parameters are the P and S wave speeds on the symmetry axis, the density, the attenuation factors Q P and Q S and the Thomsen's parameters δ and (Thomsen, 1986) . The minimization of the misfit function is performed with a L-BFGS algorithm which provides an approximation of the product between the inverse of the Hessian and the gradient G of the misfit function (Nocedal and Wright, 1999) . The gradient G (n) , summed over nf frequencies and ns shots, is efficiently computed by the product of the incident wavefield u with the backpropagated Depth (km) (Plessix, 2006) :
where A is the impedance matrix (the forward problem operator). Symbols , t and * denote the transpose and conjugate operators, respectively. The radiation pattern ∂A t /∂m i of the scattering parameter m i describes the sensitivity of the data to the model parameter m i as a function of the aperture (or diffraction) angle. Radiation pattern can be derived analytically in the framework of high-frequency ray theory (see following section) or numerically by computing the secondary virtual source ∂A t ∂m i u of the partial derivative wavefield (Pratt et al. (1998) , their equation 16). The radiation patterns of each parameter class are helpful to define the parameter classes that can be reliably reconstructed by FWI.
Radiation patterns of VTI anisotropic parameters
The analytical expression of the radiation pattern of the VTI parameters has been derived in the framework of the ray+Born approximation by Calvet et al. (2006); Rommel (1994) . They have shown that the P-P scattering coefficients for parameters V P 0 , δ and are given by
where Ψ is the angle between the incident polarization vector and the symmetry axis and ξ is the angle between the scattering polarization vector and the symmetry axis (Fig. 2) . ∆Ψ and ∆ξ are the deviation angles made by the wave polarization vector and the wave vector. The P-P scattering coefficients in equation 2 represents the radiation pattern of the virtual source frequency-domain FWI (Pratt et al., 1998) . Radiation patterns of each parameter classes are shown in Figs. 2(a-g) for different incidence angles Ψ. At the stationary points on the reference ray path, the P-P scattering coefficients reduce to (Fig. 2h )
and correspond to a specular reflection in a VTI medium from a surface acquisition.
The radiation pattern of V P 0 is isotropic, whatever the incident angle Ψ is, and is the same as that of V P in acoustic isotropic media. For small values of Ψ, the radiation pattern of is close to that of V P 0 , whatever the diffraction angle θ is. Therefore, a strong coupling between these two parameters is expected when the incident wavefield propagates in the direction close to the symmetry axis. 
Layer-model example
We consider the imaging of a homogeneous elastic VTI layer embedded in a homogeneous elastic elliptic background from a surface wide-aperture acquisition. The properties of the layer model can be read in Fig. 3 . Density is constant and equals to 1000 kg/m 3 . The layer is 100-m thick and top of it is at 450-m depth. We invert 11 frequencies ranging from 2 and 21 Hz distributed over 2 frequency groups. We performed 50 FWI iterations per frequency group using L-BFGS optimization. Parameters V P 0 , V S 0 , δ and are jointly reconstructed. One hundred-forty sources and receivers are evenly deployed on the surface with a 20-m spacing leading to a maximum offset of 2.8 km and a maximum diffraction angle θ of 144 o in the middle of the model. The starting model for FWI is the homogeneous background without the layer. Vertical profiles extracted from the true model and from the FWI model are shown in Fig. 3 . Results suggest that δ is difficult to reconstruct from surface wide-aperture data as suggested by the radiation-pattern analysis. The upper interface of the layer is successfully imaged on the V P 0 and models, unlike the bottom interface. The V S 0 model is to some extent better resolved but is affected by band-limited and possibly coupling effects. These results suggest that alternative parameterization of anisotropy FWI should be found for uncoupling between the different parameter classes. 
Conclusion
We have implemented a 2D frequency-domain FWI method for imaging VTI media. The forward modeling is based on a discontinuous Galerkin method on unstructured triangular meshes. We have reviewed the radiation patterns of the anisotropic parameters for the P-P scattering mode which show the coupling between the parameters as a function of the incidence angle and the diffraction angle. Preliminary applications of FWI for a one layer model have highlighted parameter coupling during the reconstruction. Further studies are required to define the optimal choice of parameters for FWI in anisotropic media and the best hierarchic strategy to manage the different parameter classes during FWI.
